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1  IHTItODUCTION 

3i  NlCrMoV  stMls  ar*  ultra  high  atrangth  guaachad  and  taaparad  ataala 
of faring  a  good  conblnation  of  atrangth,  ductility  and  toughnaaa  (lafa 
U2)  for  appllcatlona  aueh  aa  praaaura  aaaaala  and  amaaanta.  Tha  ataal 
eoapoaltlon  la  eontrollad  to  glua  a  high  dagraa  of  hardanabillty  for 
Plata  aactlono/wall  thleknaasaa  approaching  about  ISOan. 

Carbon  content  la  vary  laportant  bacauaa  thla  controla  tha  atrangth  laval 
(via  aolld  aolutlon  and  carblda  dlaparalon  hardaning)  and  In  addition  haa 
a  algnlflcant  Influanca  on  hardanabillty*  In  thaaa  ataala  a  'aadlua' 
carbon  laval  of  about  0.3-0.4X  la  uaad  which  aakaa  tha  ataal  vary  difficult 
to  wald  dua  to  tha  fonatlon  of  brittle  high  carbon  aartanalta  in  heat 
affected  tonaa. 

Chroalua,  aolybdanua  and  vanadlua  are  all  carblda-fomlng  alaaanta 
Influencing  aacondary  hardaning  on  taaparlng  In  addition  to  providing 
Incraaaad  atrangth  and  hardanabillty  by  aolld  aolutlon  affacta.  It  la 
generally  conaldarad  that  tha  alloy  carbldaa  CryC),  HogC  and  V4C3 
precipitate  on  taaparlng  at  500*0*600*0  and  that  at  higher  taaparlng  tha 
averaging  carbides  N23Cg  and  MgC  precipitate  at  tha  aspanaa  of  CryCi  and 
M02C  (laf  3).  At  lower  taaparlng  taaparaturas  caaantlta,  ?a3C,  proMbly 
containing  alloying  aleaants  In  aolld  aolutlon  aa  (CrHoVPa)3C,  is  tha 
pradoalnant  phase.  Mlckal  and  aanganesa  Incraasa  terdanablllty,  atrangth 
and  possibly  toughness  by  solid  solution  affects. 

Taaparad  aartanslta  Is  generally  conaldarad  to  be  tha  bast  alero> 
atructura  for  an  optlaua  strangth/toughnaas  coAblnatlon  (taf  4).  Increasing 
the  taaparlng  taaparatura  generally  raducas  strength  and  Incraaaas 
toughness  as  tha  high  dislocation  density  of  tha  aartanslta  la  raducad 
and  Interstitial  carbon  Is  rajactad  froa  solid  solution.  Martonaltlc 
steals  have  two  Interrelated  grain  boundary  structuras.  Tha  prior 
austenite  grain  alia  Is  always  ratsinad,  since  aartanslta  laths  never  grow 
across  these  boundaries.  Within  an  austenite  grain,  ’packets*  of  aartanslta 
laths  are  foraad  with  lath  and  packet  else  related  to  tha  prior  austenite 
grain  else  (taf  5).  Tha  auatanita  grain  boundaries  and  tha  boundaries 
between  packets  are  high  angle  bowidarlas,  while  within  tha  packets,  tha 
Individual  laths  have  lower  angle  grain  boundaries  and  tha  lath  width  la 
known  to  control  yield  strength  by  tha  well  known  ■all->Feteh  relationship 
(taf  6). 

Grain  raflnanant  of  tha  prior  austenite  will  bring  about  toughening  and 
strangthaning  of  tha  steals  as  packet  siaaa  and  lath  widths  respectively 
era  correspondingly  dacraased.  A  lew  hsrdeeiag  tewperature  ia  tha  eii^leat 
heat  traatnant  nathod  for  auatanita  grain  refieawsnt,  although  particle 
pinning  of  auatanita  grain  boundaries  hf  endiaaolved  precipitates  will 
give  even  better  grain  rafinaaant  (laf  4).  lapid  hast  traatnant  cycling 
is  also  a  vary  effective  expariaantal  procedure  for  grain  refining  these 
steels  (laf  7). 

Inpirical  optielsation  of  tha  heat  traatnant  of  3i  liCrNoV  steels  haa 
resulted  In  tha  use  of  low  hardening  tanparaturaa  (typically  860-870  •c). 


ONCLASSiriED 


the  AC3  of  thoso  otoolo  being  around  800*C.  With  an  Ae^  taaparatura  of 
about  675 •€  It  la  laportant  to  Halt  tha  taaparlng  taaparatura  to  about 
640*C,  to  avoid  partial  ra-auatanitiaation  on  taaparlng  with  aubaaquant 
tranaforaatlon  to  brittle,  untaaparad  aartanaita  on  cooling  after  taaparlng. 

2  STOICHIOMETRT 

It  haa  bean  auggaatad  (laf  8)  that  ataala  achieve  optiaua  aachanical 
propartiaa  whan  tha  alloy  alaaanta  are  praaant  in  their  atoichioaetric 
ratio  with  raapaet  to  tha  carbon  content  of  tha  ataal.  Tha  atoichloaetic 
ratio  of  a  two-alaaant  coapound  ia  aiaply  tha  atoaic  weight  ratio  of  tha 
alaaanta  praaant.  For  axaapla,  tha  atoichioaetric  ratio  of  aolybdanua 
carbide  H02C  will  be: 

ATOMIC  WICHT  of  Mo  «  2  .  95.95  a  2  .  ig.gg 
ATOMIC  WEIGHT  o^  C  12.01 

The  Mo:C  ratio  ia,  tharafora,  15.98tl  and  it  followa  that  for  every  IZMo 
there  ahould  be  1^5.98  (ia  0.063)ZC  praaant  for  potentially  coaplata 
coabination  of  aolybdanua  and  carbon  aa  IID2C. 

Uaing  thia  approach  it  ia  poaaibla  to  analyaa  tha  3i  RiCrNoV  ataal  to 
aaaaaa  whether  or  not  tha  ataal  haa  aufficiant  carbon  for  coabination 
with  all  the  carblda-foming  alaaantat 


Elanant 

Carbide 

Stoichionatrie 
latio  MtC 

Z  Carbon 
for  IZ  Alloy 

Z  Alloy  in 

Steal 

Z  Carbon 
laquirad 

Chronlun 

ion 

1.6 

Molybdanun 

M02C 

15.98:1 

0.063 

0.6 

0.038 

Vanadlun 

V4C3 

5.66:1 

0.176 

0.2 

0.035 

Carbon  required  for  atoiehioaetry  - 

0.1^3 

With  a  typical  3i  RiCrNoV  ataal  containing  0.33ZC  it  can  be  aaan  that  the 
ataal  haa  a  large  axcaaa  of  carbon  (approx  0.2Z).  If  thia  carbon  la  in 
aolid  aolution  it  will  contribute  to  both  tha  atrangth  and  tha  brlttlanaaa 
of  the  ataal.  However,  thia  carbon  will  only  be  in  aolution  in  tha  'an 
quenched*  condition;  on  tanparing  it  will  be  rejected  owing  to  tha 
nataatability  of  tha  aartanaita  and  tha  low  aolubility  of  carbon  in 
ferrite.  Tha  influence  of  taaparlng  taaparatura  on  the  yield  atrangth 
and  Charpy  energy  at  -18*C  for  5Ri  iCr  iMo  0.07V  ataala  (laf  9)  with 
varying  carbon  contanta  (noainally  0.1, 0.2  and  0.3XC)  la  ahown  la  Figure 
1.  It  can  be  aaan  that  on  taaparlng  at  a  typical  coaaarclal  taaparlng 
taaparatura  of  630*C  tha  affect  of  axcaaa  carbon  on  toughnaaa  la  quite 
aignlf leant  but  tha  affect  on  atrangth  la  only  aarglnal.  Stolehloaatrle 
ealculationa  for  tha  ataala  ahown  In  thia  figure  (due  to  Fortar  at  al)  are 
given  below: 

Moninal  Actual  Stoichioaatric 
Steal  Carbon  Z  Carbon  Z  Carbon  laquirad  X  Bxeaaa  Carbon  Z 
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This  sutt**ts  that  ehs  carbon  contone  of  tha  stool  can  bo  roducod  to 
aehlovo  Incroasod  tooghnoss  with  only  a  slight  roductlon  In  ylold 
strongth  on  tonporlng  at  630 *C. 

A  oorlos  of  osporlnontal  3i  MlCrHoV  atoola  with  varying  carbon  contents 
was  thoroforo  doslgnod  to  tost  this  otolchloastrlc  concopt  with  tho  ala 
of  replacing  tho  oabrlttllng  coaanttto  with  alloy  carbldoa  and  ollalnatlng 
solid  solution  carbon  at  tho  aaao  tlsw. 

3  nmiMEinAL  wocbpom 

Throa  stools  wars  aanufaeturad  to  roprooont  tho  norasl  eoaaoreial  grads 
(C),  a  porfoctly  balancad  stolchloaotrlc  stool  (t)»  and  a  hyporatolchlo- 
astrle  coaposltlon  with  a  aaall  oacoss  of  carbon  (R).  Tho  stools  woro 
aaltod  In  a  waeuua  Induction  aaltlng  fumaco  to  glva  stool  coaipeoltlons 
and  purity  oqulvalont  to  thoso  of  eoaaarelal  oloctroslag  raaaltod  aatorlal 
In  toms  of  residual  olaaents  such  as  osygon*  phosphorus  and  sulphur. 

Tha  stools  wsra  cast  as  SOkg  Ingots  approxlaatoly  150  s  ISO  a  250aa  and 
tha  Ingota  wara  rahoatod  to  1150*C,  drop  forgod  and  hot  rollod  to  glvo 
plataa  500  x  125  x  Idnn.  This  gawo  a  roductlon  in  thlcknoss  of  about  8il 
eonparad  with  about  4tl  la  a  typical  connorelal  oporatlon. 

All  thoso  stools  woro  nomallsad  at  8f0*C  "  4h»  nlr  coolod,  hardonod  at 
870*C  -  3h,  oil  quanehad,  and  tonporod  at  630*C  -  6h»  followed  by  oil 
quenching  to  slnulato  a  eoaaarelal  heat  troataont.  Tho  stolehloaotrie 
steal,  8,  oxhlbltad  a  rather  lew  yield  straigth  using  this  hoot  troatMnt, 
so  a  lower  tanparing  tonporaturo  of  610*C  was  used  to  raise  tho  yield 
strength  for  eonparlson  with  tho  ether  stools. 

Tables  1  and  2  shew  tho  ehaaleal  analyoio  and  noehanleal  proportioo  of 
tha  throe  stools. 


TABLE  1  Chenlcal  Analysis  of  3i  RlCrHoV  8tools 


Analysis  Wolaht  (E) 

Steal  C  W1  Cr  Mo  V  Ms  81  g  P  0  li~’ 

~~C  0.33  3.33  1.05  0.^6  0.20  0.^5  0.24  0.003  0.001  0.003  6.66i 

8  0.12  3.35  1.07  0.64  0.20  0.45  0.21  0.003  0.001  0.004  0.002 

0.20  3.33  1.04  0.60  0.20  0.45  0.25  0.003  0.003  0.004  0.001 


TABLE  2  Msehanlcsl  Properties  of  3i  MCrNoT  Stools 


■H-  Inpaet  trsnsltlon  tonporaturo  tnkon  to  bo  501  of  the  upper  and 
lower  shelf  onerglos. 


5 

UHCLASSXPXID 


mcussxrxBo 


Tempering  curves  mere  eleo  produced  on  eemplee  tempered  for  6h  et 
tempereturee  between  500*  end  700*C  end  these  are  shown  in  Figure  2. 

The  complete  Cherpy  impect  transition  curves  ere  ahown  in  Figure  3* 

Semples  of  ell  three  steels  were  prepared  for  mlcrootructurel  enalysis  by 
dlemond  polishing  end  etching  in  2X  nitel.  The  microgrephs  ahown  in 
Figure  4  indicate  that  steel  C  had  the  flnaat  austenite  grain  sise  and 
that  steel  8  had  the  coarsest  grain  sise.  Hence  the  grain  aise  increases 
with  decreasing  carbon  content.  Samples  of  the  as  quenched  steela  were 
given  an  ’embrittling*  heat  traatmsnt  of  510*C  for  24h  and  otchad  in 
aqueous  picric  acid  to  reveal  the  austenite  grain  boundariaa.  This 
technique  tends  to  over-estimate  the  grain  sise  (einee  eeme  of  the  smaller 
grains  in  these  nixed  grain  nicroatructures  are  net  well  delineated). 

The  average  grain  sisas  of  the  three  steela  C»1  and  t  were  3dt47  and  70 
microns  respectively. 

4  DISCOSSKHI  OF  ttSOLTS 

The  results  demonstrate  that  the  carbon  content  of  3i  HiCrNoT  ateela  can 
be  reduced  from  0.33  to  0.12Z  whilst  still  achieving  the  required 
strength/ toughness  combination  of  lOSOMI/m'^  yield  strength  and  40J  at 
-40*C  Charpy  impact  energy.  This  is  in  agreement  with  predictiona  that 
the  commercial  0.33Z  carbon  steel  contains  carbon  in  exeeas  of  that 
necessary  to  give  carbides  of  Cr  Ho  and  T  and  that  the  affects  of  solid 
solution  carbon  are  elininated  on  tempering  at  the  eeamercial  tampering 
temperature  of  630*C. 

This  simplistic  stoichiomstrie  approach  predicts  that  all  tha  embrittling 
cementite  will  have  been  replaced  by  alloy  carbides  at  the  eemnercial 
tempering  temperature.  However «  recent  electron  nieroecope  results  show 
(Ref  10)  chat  cemenclce  occurs  at  all  tempering  tamparatwres  sad  it 
appears  to  be  stabilised  by  the  alloying  elements  to  make  it  the  pre¬ 
dominant  second  phase  in  the  coomercially  heat  treated  condition.  It  has 
been  shown  in  fact,  that  Che  Fe3C,  whilst  being  an  almeet  pore  iron 
carbide  (98.8ZFe)  in  Che  as  quenched  eteel,  becomes  an  alloy  camsatite  eg 
(FsCrHo)3C  containing  ~12ZCr  and  •<dZHo  on  tampering  the  steel  at  825*C 
for  lOh  (Hsf  10). 


Therefore  the  stoichiometric  design  concept  appears  to  be  at  fault  because 
of  the  existence  of  alloy  cementite.  However,  the  experimsnts  have 
confirmed  that  0.33Z  carbon  is  not  essential  and  alternative  explanations 
are  required.  In  looking  at  solubility  aspects  and  grain  aise  effects  an 
explanation  has  been  reached  based  on  the  solubility  and  grain  controlling 
effects  of  vanadium  carbide. 


Solubility  Product  of  Tenadinm  Carbide 


Alloying  elements  in  steel  influence  the  mschanicel  properties  either  by 
solid  solution  effects  or  by  the  fomatien  of  second  phaae  precipitate 
particles.  8nall  precipitates  can  be  used  for  precipitation  hardening, 
whilst  coarser,  more  widely  distributed  precipitates  can  control  grain 
sise  by  particle  pinning  of  grain  boundaries.  The  amount  of  precipitate 
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phase  available  and  tha  voluaa  fraction  of  eoaraa  partlelas  dapand  on 
the  solubility  of  tha  pracipitataa  in  tha  ■atris  at  heat  treataant 
taaparaturaa.  This  solubility  can  be  defined  la  tanu  of  tha  taaparatura- 
dapandant  solubility  product  in  tha  forat 

LoflMllCl  -  -  W+  T 

irtiara  N  ia  aatal  concentration,  C  is  carbon  eoncaatration,  W  and  T  are 
Constanta  and  T  is  tha  absolute  taaparatura  (Raf  11). 

Electron  alcroscopy  of  coaaareially  heat  treated  3i  MiCrMoV  steal  (Raf 
10)  has  sho«Ri  that  undissolvad  vansdiua  carbide  particles  alaays  occur, 
and  so  it  is  intarastint  to  conaidar  tha  solubility  product  for  vanOdlua 
carbide  in  austenite.  Tha  solubility  product  for  this  systea  has  bean 
given  by  Harita  (Raf  12)  as 

LoglVHCl  -  -  6.72 

This  relationship  is  shown  plotted  for  tha  hardening  taaparatura  of  S70*C 
in  Figure  3.  The  stoiehioaetric  tia-lina  for  V4C3  is  shown  with  a  slope 
of  5.66  and  the  coapositions  of  all  three  steals  are  indicated  with  tie- 
lines  parallel  to  that  for  T4C3.  Steel  8(0.2XV,0.12ZC)  lias  on  tha  870*C 
solubility  curve  Indicating  that  all  tha  vanadlua  and  carbon  will  be  in 
solid  solution  with  no  undissolvad  carbides  (electron  alcroscopy  has 
sines  eonflraad  this  prediction  (Raf  10)).  Figure  5  also  suggests  that 
steels  H  and  C  should  contain  increasing  aaounts  of  undissolvad  carbides 
with  correspondingly  reducing  aaounts  of  soluble  vanadlua  and  carbon. 

6.2  lapact  Properties 

The  Charpy  lapact  transition  curve  for  bee  steals  is  shown  schaaatically 
in  Figure  6  with  a  generalised  sunaary  (Raf  13)  of  tha  factors  that 
Influence  lapact  transition  taaparatura  (ITT)  and  upper  shelf  oaargy 
(USE).  Figure  7  shows  tha  affects  of  coarse  undissolvad  VgCy  particles 
on  the  ITT  and  USE  for  steals  C  and  S.  The  stoiehioaetric  steal  S(0.12ZC) 
has  the  advantage  over  tha  conaarcial  steal  C  (0.33ZC)  of  a  higher  USE, 
but  is  still  inferior  because  tha  loss  of  tha  grain  refining  effect  has 
raised  tha  ITT  above  that  of  atael  C.  Tha  actual  lapact  data  (Fig  3) 
show  that  tha  slightly  carbon-rich  steal,  H  (0.20ZC),  achieves  tha  bast 
coaproalsa  with  adequate  grain  raflnaaant  (as  shown  by  tha  grain  siaa 
values)  to  give  a  low  ITT  and  fewer  eoaraa  partlelas  to  lower  tha  shelf 
energy. 

S  COWCLUSIOIIS 

Experiaents  designed  to  lovestlgata  tha  affect  of  carbon  content  on  tha 
aechanical  properties  of  3i  NiCrMoy  steals  have  shown  that  tha  carbon 
content  can  be  raducad  without  any  iapairaant  of  tha  tensile  properties. 

The  carbon  content  was  reduced  initially  to  tha  atolchloaetrle  level 
(0.12ZC)  with  respect  to  the  carblde-foralng  eleaants  (Cr,No  and  V)  In  an 
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attMpt  to  ollalnato  taamful  eoMiitit*  aad  intorttltial  carbon.  Howaaar. 
although  thla  coneapt  was  fo<md  to  ba  Ineorraet  dua  to  tha  unaxpaetad 
foraatlon  of  alloy  eaaantlta,  tha  low  carbon  otoala  oidilbltad  alallar 
tenalla  propartiaa  but  with  a  hlghar  uppar  ahalf  anargy. 

The  raaulta  ara  axplalnad  in  taraa  of  tha  aolubllity  of  vanadiuB  earbida 
and  tha  Influanea  of  eoaraa  V4C3  partielaa  on  tha  pinning  of  grain 
boundariaa  and  on  tha  propartiaa. 

An  optlalaad  ataal  eoapoaltion  containing  0.20ZC*  which  ia  alightly  hypar- 
atoichloaatrie  with  raapaet  to  carbon  contant,  waa  davalopad  with  tha 
optlaua  balanca  of  grain  rafinaaant  and  a  raducad  wolwaa  fraction  of 
coarsa  partielaa.  Thio  ataal  ia  alightly  battar  than  tha  coaaarcial 
grade  and  haa  tha  major  adwantaga  of  iaprovad  weldability. 
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